Abstract. In this study, the authors have reviewed recent advances on the transient liquid phase (TLP) bonding technology for various applications especially power module packaging in view of the recent increasing demand for the production of vehicles, smartphones, semiconductor devices etc. TLP bonding is one of the potential technologies from clean technology that can replace the Pb-base solder technology without causing any serious environmental issues. It is based on the concept of both brazing as well as diffusion bonding. During TLP bonding, the liquid phase is transiently formed at the bonding interface. At this point, the melting point of filler metal increases due to the diffusion of element which degrades the melting point from liquid phase to base metal. Subsequently, the bonding occurs by isothermal solidification at the bonding temperature of liquid phase. Here, after bonding, the melting temperature of the joint layer becomes higher than bonding temperature. This review introduces the various aspects of TLP bonding including its principle, materials, applications, advantages and properties in detail.
INTRODUCTION

TLP bonding
Transient liquid phase (TLP) bonding first introduced in 1950s by Lynch et al. is known as combination of diffusion bonding and brazing. During TLP bonding, the liquid phase is formed transiently at the bonding interface like brazing [1] [2] [3] [4] [5] [6] . Here, similar to the diffusion bonding, the melting point of filler metal rises due to diffusion of element which degrades the melting point from liquid phase to base metal while maintaining their bonding temperature. Subsequently, they are bonded by isothermal solidification at bonding temperature of liquid phase. TLP bonding has been applied to the heat-resistant alloys which require high temperature properties and bonding of structural alloys such as stainless steel [7, 8] . In addition, TLP bonding can provide easy dissimilar metal joining due to the minimization of changes in bonding area, and it has also a merit of smaller heat affected zone (HAZ). Moreover, the bonding strength is almost equal to the base metal unlike conventional brazing and diffusion bonding [9] [10] [11] .
Conventional TLP bonding known as diffusion bonding is the bonding technology in which filler metal is alloyed with boron and phosphorus for decreasing melting point while joining Ni, Fe, and Cu alloys [12, 13] . This technology is based on the concept of both brazing and diffusion bonding basically is the liquid diffusion bonding of filler metal at bonding temperature unlike solid diffusion bonding with both solid phases. In other words, isothermal solidification which increases filler melting point is used for this technology causing diffusion of filler metal to base metal with solid-liquid inter-diffusion after filler melts at a lower melting temperature than operating temperature.
The TLP bonding used mostly for joining in microelectronic packaging industry where the isothermal solidification at joint occurs by formation of IMCs and metal phase melted at higher temperature than bonding temperature with composition change of the joint [14] [15] [16] [17] . Fig. 1 shows the isothermal solidification by solid-liquid interdiffusion at TLP bonding as well as thermal solidification by cooling at conventional soldering with virtual equilibrium phase diagram. This TLP bonding is also called as solid liquid inter-diffusion (SLID) bonding, transient liquid phase soldering (TLPS) and isothermal diffusion soldering (IDS) [18] [19] [20] .
Power module and its bonding technologies
Recently, interest in thermoelectric power modules has been increased manifolds as a power source of vehicles, an economical source of energy generation and distribution. The power module are used for supply, distribution and conversion of electric power, and power semiconductors based on power module consist of insulated gate bipolar mode transistor (IGBT), metal oxide silicon field effect transistor (MOSFET), diode, etc. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The trend of power semiconductors has gradually been miniaturized and highly densified because it requires high operation voltage causing high amount of current and heat unlike other semiconductor devices [31] . The power module consisting of these power semiconductors is the key component for operating electric and eco-friendly vehicles.
Moreover, the power modules used in automobile industries require higher reliability of the joint because of loss in stability, safety concerns and unstable operating environment at high temperature [32] . The joint is exposed to a temperature of less than 150 °C (junction temperature of Si) resulting in continuous thermal/physical shock. In addition, the duration and reliability of the joint is severely degraded by stresses, pores and cracks during solidification of melt as well as by coefficient of thermal expansion (CTE) mismatch between ceramic substrates and metals [33] . Fig. 2 indicates the typical joint of die and substrate in power module. Overall, there are two types of attached part like die attach area as shown in Fig. 2a and substrate attach area as shown in Fig. 2b in the conventional power module.
Conventional Pb-base solder is used for bonding materials in joining of power modules. However, the use of Pb-Sn solder has been restricted since the end of life vehicle (ELV) and restriction of hazardous substances (RoHS) regulations [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . In addition, the joint can be exposed at a high temperature conditions with downsizing or removing of heatsink due to the trend of transformation from Si to SiC in power semiconductors [31] . SiC-based semiconductor has a higher band gap and it has the excellent properties for dielectric strength breakdown, electron saturation velocity, and thermal conductivity as compared to the Si-based semiconductors. In other words, SiC power semiconductors have many advantages such as miniaturization of the device, improvement of fuel efficiency and feasible operation at high temperature based on aforementioned characteristics, however, it can be exposed to the higher temperatures greater than 200 °C [47] .
Thus, high temperature reliability and Pb-free solder materials for die and substrate bonding are required to meet this current trend. In order to meet this demand, the different types of bonding materials such as Au [48] , Bi [49, 50] , Zn [51, 52] which have higher melting point than Sn-based solder have been reported and TLP bonding and Ag sintering bonding have been actively studied [53] .
In the case of Zn and Bi based solder with lower thermal/electrical conductivity and corrosion resistance which can cause thermal damage due to higher melting point and lower thermal conductivity. In addition, they may degrade the device and substrate at a higher bonding temperature [54, 55] . For Au based bonding material, it has the merit of high corrosion resistance, superior thermal/electric conduc- tivity and flux-less bonding in the atmosphere, however it is very expensive [56] .
In case of Ag nanoparticles (100 nm) sintering at temperature of 200 °C provides both high electrical conductivity, bonding strength and stabilization at high temperature because of an increase in melting point (>700 °C) after bonding [53] . However, there is a high possibility for device and substrate to be degraded due to the pressure of 1~20 MPa for bonding and presence of a large number of pores in the bonding area. In addition, it is hardly compatible with conventional soldering facility [57] . In order to solve this problem, a pressure-less sintering bonding was studied in literature but it is limited due to its high cost [53] .
There are also some bonding technologies such as solid diffusion bonding, friction stir welding and TLP bonding to obtain an excellent bonding strength between two materials without melting of base metal. In this review, among the various bonding technologies as aforementioned, the research trend of TLP bonding, especially, for power modules will be introduced and overviewed in detail.
PRINCIPLE AND PROCESS OF TLP BONDING
The TLP bonding has been used with a variety of methods and its basic principle is as below [58] .
Design of initial joint
Fig . 3a shows the initial joint of TLP bonding using both metal foil having low melting point and metal bump having high melting point. In this state, called as initial preparation step for bonding, low melting point material is placed as a sandwich structure between two high melting point materials before bonding. After that, state of low melting point material moves to melting and wetting state with increasing bonding temperature. Similarly, there are various methods such as deposition for low melting point metal on the surface of bump [59] , the usage of conventional solder alloy [19] , and mixing of high and low melting point metal powders.
Melting and wetting
The molten metal is wetted on the surface of high melting point metal by heating of designed initial joint to the melting temperature of low melting point metal as shown in Fig. 3b . It means that only filler metal is melted and bonded due to the heat at bonding temperature because its melting point is higher than bonding temperature and lower than melting point of base metal.
The void may occur at the joint, or IMC may not form when interface of solid-liquid is not formed through entire joint due to the poor wettability. As it causes, degradation of mechanical and thermal properties of the joint [60] , a surface treatment such as Au [61] and organic solderability preservative (OSP) coating can be used to improve a wettability. Normally, the pressure less than 1 MPa is applied at this stage but some studies on pressure-less TLP process have been also reported by increasing wettability [58] .
Solid-liquid inter-diffusion
The growth of IMC begins to increase at the center of joint interface by dissolution of low melting point molten metal to high melting point metal as shown in Fig. 3c . After that, the joint is solidified with growth of IMC at bonding interface by continuous diffusion even without any change of temperature [17] .
In other words, the isothermal solidification for liquid phase occurs at bonding temperature after liquid phase transient during bonding because the melting point of filler metal increases by diffusion of its element for decreasing melting point from liquid phase to base metal if the bonding temperature is retained. In general, bonding time can be reduced by extending interface of solid-liquid phase because liquid diffusion is three times faster than solid diffusion [62] , and the joint may become extinct and united by inter-diffusion between the base metal and the joint after homogenization heat treatment.
Isothermal solidification and homogenization
During diffusion of element for reduced melting point to the base metal, the solidification of liquid filler metal occurs at bonding temperature known as iso- thermal solidification due to the decrease in average composition of element for reduced melting point at liquid phase of filler metal. The thickness of IMC can be increased by maintaining the constant temperature at the entire joint area as shown in Fig. 3d . If the bonding time can be fully maintained, all of the liquid phase disappear and homogenization is proceeded to make a composition of joint similar to a base metal after isothermal solidification [14] . In this case, the mechanical property at high temperature is superior to the brazing method because the joint is almost similar with base metal chemically [63] . However, low melting point metal that is not consumed with base metal can cause degradation in reliability of the joint during high temperature operation [64] . A process plan considering thicknesses and materials of the joint is necessary because the formation of complete joint may be difficult by consumption of a metallization layer when there are a number of low melting point metals. For this, C. Ehrhardt et al. have suggested Eq. (1) to make complete Cu 6 Sn 5 bonding area in TLP bonding and calculated mixing ratio of Cu and Sn with 39:61 as below [65] .
where m A is the molar mass (g/mol). TLP technology has a higher stability due to the similarity of bonding materials with the base metal. In addition, TLP bonding provides excellent bonding quality and high heat-resisting property in comparison to at low operation temperature [17, 47] . However, there is a difficulty of obtaining initial process parameters because transition of the joint for complete IMC formation is necessary. On the other hands, the process of isothermal solidification comprise a vast majority of TLP bonding because it requires more than 10 minutes heating time for a uniform IMCs across the joint. Here, the productivity can be increased by reducing the time required. And for this one, a wide range of TLP bonding technologies are presented such as TLP bonding with multi metal layer [66] [67] [68] , powder [69] [70] [71] [72] [73] [74] [75] , ultrasonic assisted TLP bonding [76, 77] , current assisted TLP bonding [78] using electromigration by the movement of electron from current applying and TLP bonding using temperature difference of joint [79] .
TLP BONDING MATERIALS
TLP bonding materials can widely be classified into tin (Sn) and indium (In) based metal which have melting points of 231.9 and 156.6 °C, respectively. In the case of Sn based, Ni-Sn, Cu-Sn, Au-Sn, and Ag-Sn have been frequently used for TLP bonding [80] [81] [82] . Among them, Cu-Sn and Ni-Sn have been paid more attention as the potential candidates in view of their cost. Ni-Sn has already been used as bonding material in LED industry at high temperature but it has poor electric property as compared to the Cu-Sn. On the other hand, Cu-Sn has a problem of oxidation and a complicated equilibrium phase diagram. In addition, it can degrade the bonding reliability due to the growth of Cu 6 Sn 5 as well as Cu 3 Sn IMCs. Indium has been used for TLP bonding as Au-In and Ag-In alloys but these also have cost and oxidation issues. To prevent the oxidation, Au can be coated on the surface of TLP layers [61] . If there exists an oxidation layer, wetting and diffusion won't happen resulting in some defects like void and pore. Table 1 shows the various materials and their properties for TLP bonding.
TLP BONDING FOR POWER MODULE
Among the various candidates for TLP bonding in power module, Cu-Sn and Ni-Sn systems have been more popular nowadays to get a good bonding quality as well as reduce a bonding time. The various TLP bonding technologies both with layer and powder as shown in Table 2 . Fig. 4a shows the TLP bonding with metal layer obtained by the vacuum evaporation machine. In this case, high process cost and complex process steps are required including vacuum evaporation and pretreatment of the substrate [58] . Moreover, stress induced from the coefficient of thermal expansion (CTE) mismatch between substrate and the joint can occur because of the metal layer [33] , and it requires high processing cost and bonding time. The bonding technology using low melting point metal processed with thin film layer has been studied with mechanical process [76] [77] [78] [83] [84] [85] . In the TLP bonding, the thickness of IMC () depending on bonding 
TLP bonding with metal layer
where D is inter-diffusion coefficient and it can be expressed by Arrhenius relation as Eq. (3) below.
where D o is intrinsic diffusivity, Q is activation energy, R is gas constant, and T means absolute temperature. Therefore, D o and activation energy Q value needed for the IMC growth can be different from their bonding process and material. The research on reliability of the joint during TLP bonding has been studied to achieve a high temperature stability. The main factors that affect the reliability of the joint are the formation and growth of IMC. In TLP bonding, the isothermal solidification occurs by formation of IMC where high melting point metal is dissolved by low melting point metal. Here, a solution velocity which is required for melting high melting point metal into the low melting point metal can be expressed Eq. (4) as below [86] . The solution velocity can be influenced by dissolution rate constant (k), saturated solubility of high melting point metal melted to the molten metal at the reaction temperature (C s ), current concentration of the high melting point metal melted in the molten metal (C), volume of the molten metal (V) and interface area between molten metal and high melting point metal (S). Here, the bonding time can be reduced by extending the solid and liquid interface area because solution velocity is proportional to the interface area of solid-liquid.
TLP bonding with metal powder
TLP bonding with metal powders has been proposed as shown in Fig. 4b . Here, the particle size of metal powder is an important parameter. If the particle size is big, it is difficult to print out the paste and the formation of IMC will consume more because of a smaller surface area of the liquid-solid phase. On the other hand, if the particle size is smaller, the agglomeration issue of the particles can take place in the molten metal although it can reduce bonding time due to the high surface area of the liquid-solid phase [65] .
In case the metal powder is mixed with an organic binder, the oxidation of Cu particles can be suppressed and the paste can be used for bonding with conventional soldering process. H. Greve et al. have presented the densification of the joint of molten metal and the high melting point metal by the capillary effect at an optimal ratio of powder and organic binder with good wettability [58] .
On the other hand, the several defects during wetting and counter diffusion can occur in widely used Cu-Sn system in TLP bonding. This phenomenon is one of the causes of voids in joint and Sn residues degrading the high temperature stability. [74] ), (c) ultrasonic assisted TLP (adapted from [77] ), (d) current assisted TLP (adapted from [78] ) and (e) thermal gradient bonding (TGB) (adapted from [79] ).
To solve this issue, Strogies et al. have formed the joint without any void by infiltrating molten Sn to the Cu particles after applying Cu paste to the joint and activating the surface of Cu particle as shown in Fig. 5a [60] . According to their research, the method of employing reducing gas before Sn melting, mixing flux with Cu and Sn particles and applying plasma to surface of Cu particles can be proposed to activate surface of oxidized Cu particles. [33, 74] . In accordance with their studies, the Cu residue which is not reacted with Sn in the joint can be observed although IMC growth was encouraged by counter diffusion due to formation of IMC between Cu particles and Sn coated layer.
Recent TLP bonding
TLP bonding has an issue of Sn residue causing degradation in reliability of the joint and longer bonding time and heat treatment. Therefore, current TLP bonding processes have been focused on the formation of joint consisting of IMC in short time. According to this trend, ultrasonic assisted TLP bonding is shown in Fig. 5c . This technology has been studied with Sn foil, Sn-Cu solder foil, Ni-Sn powder mixture, and Ni flake-Sn powder mixture [72, 73, 76, 77] . The results show that the solder joint has been formed consisting of IMCs by applying ultrasonic treatment after Sn alloy got melted within 20 s. When applying ultrasonic waves to molten Sn, Cu was quickly melted into Sn by streaming effect and cavitation erosion resulting in pits micro sized damages in substrate was formed by colliding a voids by ultrasonic with substrates explosively.
On the other hand, it can damage diffusion barrier layer or Cu circuit of substrate [77] . In other words, ultrasonic assisted TLP bonding can reduce process time but can damage the substrate and device by ultrasonic waves. Current assisted TLP bonding presented by Liu et al. is shown in Fig. 5d [78] . Heating was done to 450 °C by Joule-heating without heating and solder joint and the joint consisted of complete IMC within 260 ms by applying current of 900 A. For counter diffusion between joint compositions, electro-migration (EM) was used by supplying high current of 900 A. Because of this phenomenon, IMC grew to dendrite phase and finally formed the joint without any voids. However, in this study, there is a problem with damage in device due to the small area of solder joint.
Yang et al. have proposed thermal gradient bonding (TGB) as shown in Fig. 5e [79] . This TLP bonding technology known for utilizing temperature difference between upper side of joint and bottom by the precipitation of IMC in molten Cu at the low temperature area by dissolution at high temperature. At this point, the IMCs on the interface grew in one direction as shown in Fig. 6 . At the hot end, Cu from the substrate and thin layer of Cu 6 Sn 5 IMCs dissolved into the molten Sn. This made the Cu 6 Sn 5 IMC layer thin as compared to the cold end. In addition, this process made the interface at the hot-end exhibit a much wavier morphology. This technology is different with conventional TLP bonding in a sense that the IMCs grew in the interface of both solidliquid phases. Moreover, it enables the formation of solder joint three to ten times faster than conventional TLP bonding. In addition, higher reliability is expected because there is no grain boundary line in growing IMC in the both interface. Therefore, Cu layer should be designed very thick to promote the dissolution at Cu layer which is melts at high temperature.
OTHER APPLICATIONS
TLP bonding for electronic materials
TLP bonding is a technology for making IMCs (intermediate phases) at the joint after molten low melting point metal wets the high melting point metal by heating to the specific temperatures. Afterward, the joint which has uniform composition of high melting point can be obtained by inter-diffusion between liquid and solid [87] . In other words, the melting temperature of bonding area (T re-melting ) is higher than bonding temperature (T bonding ) after bonding. TLP bonding has widely been researched with these properties at various industries for generating enormous of heating during operation such as power semiconductor, LED, aero-space, and sensors [88] . Especially, this technology has been coupled with nano-Ag sintering technology in response to the environmental change of power semiconductors for vehicle and restriction of lead based solder for high temperature, lately. Low temperature nano-Ag sintering technology has been studied to obtain a stability at high tem-perature. In this technology, materials can be bonded with sintering for a long time below 300 °C after applying Ag nano paste to the bonding surface. However, it can degrade bonding strength, long term reliability and conductivity due to the defects like void in Ag sintered as well as increases material cost by using Ag. In addition, it requires pressure to bond resulting in increasing manufacturing cost [53] . Fig. 7 shows the void from the low temperature sintering process with Ag nano particles. Fig. 7 . Cross-sectional image of sintered Ag joint using micro-sized chestnut-burr-like Ag particle paste (adapted from [53] ). However, TLP bonding has a competitive price of material, bonding and higher productivity as compared to Ag sintering because of a lower bonding time of less than 30 minutes. Moreover, it is superior to conventional brazing for bonding because it can produce higher bonding strength over base material and resistant to hot cracking because the base metal does not melt during bonding.
A favorable TLP bonding has been reported with Ag-Sn and Ni-Sn bonding materials having a bonding strength of around 60.4 MPa in accordance with the research of Lis et al [80] . Table 3 shows the properties of TLP bonding in electronic packaging industry with method such as nano Ag sintering process etc. The bonding properties under the operation of devices can differ from the homologous temperature (TH) according to Eq. (5) as shown below:
where T operation is operation temperature of the device, T melting is melting temperature of insert metal. Here, the mechanical properties increase with decreasing TH value. In other words, the higher melting point compared to the operating temperature, better the shear strength and thermal shock property [61] . TH value vary from 0.37 to 0.7 considering its operating condition at 200 °C because Ag sintering at higher than 900 °C and TLP bonding from 400 to 900 °C of T re-melting temperature.
On the other hand, conventional Sn-3.0%Ag-0.5%Cu (SAC305) solder has the TH value of 0.97. By using bonding process below 300 °C, thermal defects to the device due to CTE mismatch between substrate and device can be reduced.
TLP bonding for aerospace application
Cai et al. have studied Ti2AlNb TLP bonding for advanced aerospace application [89] . According to their research, Ti2AlNb alloy was used as the base metal and Ti and Ni foil were used as the interlayer to TLP bonding. Here, Ti/Ni interlayer foils were placed with sandwich type between two Ti2AlNb layers. About less than 3 KPa pressure was applied to bond using vacuum furnace with the atmosphere of 2.0 x 10 -3 Pa.
The results showed that the Ti2AlNb/Ti/Ni/ Ti2AlNb joint was successfully obtained with TLP bonding. In addition, they defined two distinct zones which were isothermal solidified zone I (ISZ) and a thermal solidified zone II (ASZ). Here, ASZ was compressed and the isothermal solidification became the dominant process for the formation of a sound joint with increasing of bonding temperature and time.
TLP bonding for superalloys
For dissimilar superalloys bonding, brazing, fusion welding, and diffusion bonding were the common bonding processes before. However, as mentioned in previous sections, they have several limitations like IMC growth at the joint, crack propagation in HAZ, and requiring high pressure to bond. Shamsabadi et al. have applied TLP bonding instead of conventional bonding technologies using IN-718, IN-738 superalloys and Ni-base interlayer called MBF-20 to suppress these defects [90] . As a result, dissimilar TLP joint for IN-738/IN-718 system were obtained with MBF-20 interlayer without any pressure at various bonding times and temperatures. According to their study, Larson-Miller equation as shown in Eq. (6) was proposed to estimate the required time for completion of the isothermal solidification since the isothermal solidification rate is controlled by diffusion.
where T B is the bonding temperature in Kelvin, t is the bonding time in minutes and C is a system dependent constant. The P value is generally used for analyzing creep rupture data. Ghomi et al. have also presented TLP bonding for dissimilar Ni-based superalloys of IN738LC and Nimonic75 with Ni-15Cr-3.5B interlayer called MBF-80 at temperatures of 1080 to 1180 °C for different bonding times. As a result, the morphology of the joint consists of three eutectic phases such as ã solid solution, Ni and Cr-rich boride by addition of boron into the base metal. In addition, by adding boron, diffusion occurred in the base metal from the interlayer causing DAZ precipitation during a solidstate transformation [91] .
RELIABILITY AND PROPERTY OF TLP BONDING
The (Q) which is necessary for IMC growth according to Arrhenius equation (Eq. (3) in Au/In TLP bonding for 3-D chip packaging [92] . The results showed that the activation energy value was measured to be 0.46eV above 150 degrees and 0.23eV below 150 degrees. These values for activation energy are similar with that reported in the studies of Liu and Bjontegaad et al. [93, 94] .
Afghahi et al. have studied for fatigue properties of temperature gradient transient liquid phase (TGTLP) diffusion bonding for Al7075-T6 alloy using liquid gallium interlayer [95] . The sample for fatigue test was bonded at 460°C under the pressure of 10 MPa for 10 minutes. The experimental results showed that the fatigue life for Al7075-T6 alloy was achieved under 90 MPa and it decreased to 1.2 x 10 6 cycles by applying the stress amplitude of 90 MPa.
CONCLUSIONS
In this study, TLP bonding has been introduced in terms of device bonding method requiring high temperature property of the power module. TLP bonding has been widely used in electronic industry lately and progressed since the beginning of the 1970. It has many advantages such as material and process cost, reduction of bonding time and high temperature reliability. Moreover, it is not necessary for bonding to apply pressure unlike Ag sintering. This tendency for using TLP bonding will be accelerated for near future because of the various restrictions against usage of Pb and expansion of the SiC semiconductor in power module lately. However, it needs more study and interest because there is still room for improvement of exist property in TLP bonding. As it aforementioned, the bonding time for TLP bonding technology is quite long resulting in productivity issues. In order to solve these issues, ultrasonic assisted, current assisted TLP bonding, which can increase the productivity have been suggested but they cause the damage in device and substrate and require the complicated facility as compared to the conventional process. Although the TLP bonding with powder and thermal gradient bonding (TGB) can save a little process time, powder TLP has a defect like Sn residue and pore in the joint and TGB also has a difficult to obtain a process parameter and additional facility. Thus, the demand for TLP bonding is expected to increase because it is possible to use the existing facilities. In addition, the study for inhibition of defect in the joint and formation of complete IMC reaction between two materials will be important in TLP bonding. 
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